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ABSTRACT: Hot electrons generated through plasmonic excitations in metal
nanostructures show great promise for eﬃciently driving chemical reactions with light.
However, the lifetime, yield, and mechanism of action of plasmon-generated hot electrons
involved in a given photocatalytic process are not well understood. Here, we develop
ultrafast surface-enhanced Raman scattering (SERS) as a direct probe of plasmon−
molecule interactions in the plasmon-catalyzed dimerization of 4-nitrobenzenethiol to p,p′dimercaptoazobenzene. Ultrafast SERS probing of these molecular reporters in plasmonic
hot spots reveals transient Fano resonances, which we attribute to near-ﬁeld coupling of
Stokes-shifted photons to hot electron-driven metal photoluminescence. Surprisingly, we
ﬁnd that hot spots that yield more photoluminescence are much more likely to drive the
reaction, which indirectly proves that plasmon-generated hot electrons induce the
photochemistry. These ultrafast SERS results provide insight into the relative reactivity of
diﬀerent plasmonic hot spot environments and quantify the ultrafast lifetime of hot
electrons involved in plasmon-driven chemistry.

T

plasmonic nanostructures has emerged.2,6−8 When the LSPR of
the nanostructure is excited by light, the coherent electronic
motion that is induced by the external ﬁeld is quickly damped
to form electron−hole pairs within approximately 10 fs. These
electron−hole pairs subsequently thermalize through electron−
electron scattering over 10−100 fs to yield an incoherent
Fermi−Dirac distribution of hot electrons and holes.1,2,7,9,10 In
the direct mechanism for plasmon-driven photochemistry, the
transfer of the electrons occurs at the metal−molecule interface
via resonant plasmon-driven electron excitation, while in the
indirect mechanism, hot carriers are transferred from the
thermalized Fermi−Dirac distribution on the nanostructure to
adsorbate orbitals.2,11 This process is in competition with other
hot electron loss mechanisms, principally electron−phonon
scattering, which occurs over approximately 1−10 ps,9 followed
by equilibration of the hot nanostructure lattice with the
surroundings over the course of 100 ps−1 ns.6 Alternatively,
electrons and holes may also radiatively recombine to yield
plasmon-driven metal photoluminescence. Measurements of
plasmonic photoluminescence typically have determined lifetimes for these hot electrons of several picoseconds.12,13 In this
Letter, we use photoluminescence as a generic term for any
process in which light is emitted or scattered from a
photoexcited sample, inclusive of coherent processes such as
electronic Raman scattering.
Importantly, this description lacks a real time view of hot
electron generation and transfer from the point of view of a

he eﬃcient coupling of light to metallic nanostructures
through localized surface plasmon resonances (LSPR)
leads to numerous impactful applications, including light-driven
phase changes and chemical reactions.1−3 Plasmon-driven
chemical or physical transformations typically arise either
from plasmon-generated hot carriers or plasmon-driven
localized heating, both of which preferentially occur in
plasmonic hot spots.2 In particular, many plasmon-driven
chemical reactions are believed to occur as a result of plasmoninduced electronic excitations in adsorbed molecules, through
either direct plasmon-driven excitation of a resonant molecular
transition or indirect transfer of plasmon-generated hot
electrons to accessible adsorbate orbitals.2,4,5 In a notable
example, indirect transfer of plasmon-generated hot electrons
to adsorbed H2 molecules has been experimentally shown to
result in H−H bond scission.4,5 However, the impact of the
lifetime, yield, and energetic distribution of these plasmonderived hot electrons on driving photochemical reactions is
currently unknown. Additionally, the dependence of these
properties on the nature of the plasmonic surface is unclear. As
plasmonic dynamics inherently occur on femtosecond to
picosecond time scales,6,7 further mechanistic knowledge of
plasmon-driven chemical reactions necessitates real time
probing of the ultrafast molecular response to plasmon
excitation. An ultrafast molecular understanding of plasmondriven chemical reactions will be important in the optimization
and practical use of such processes.
Previous investigations of the ultrafast response of plasmonic
metallic nanostructures have largely examined the response of
the nanostructure itself, and measurements of the proximal
molecular response have been limited. From this work, a
consensus view of the ultrafast photophysical response of
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Figure 1. Schematic representation of ultrafast plasmon excitation and plasmon-driven molecular dynamics measurement scheme. Plasmons are
excited by a 518 nm pump pulse, launching short-lived coherent oscillations. These thermalize over 10−100 fs, yielding a hot electron distribution,
from which hot electrons may be transferred to adsorbed molecular reporter molecules. Transient plasmon-driven molecular dynamics are obtained
through ultrafast SERS using a probe pulse during the 1−10 ps hot electron lifetime.

Figure 2. (a) Representative extinction spectrum of aggregated colloidal AgNPs used as the plasmonic substrate in all measurements, with pump and
probe pulse wavelengths noted. The inset shows an SEM image of the AgNPs. The scale bar is 100 nm in length. (b) SER spectrum of substrates,
with prominent 4-NBT (1077 and 1340 cm−1) and DMAB (1139 and 1435 cm−1) peaks identiﬁed. (c) Plasmon-driven photochemical conversion of
4-NBT to DMAB.

Supporting Information and Figure S1. Plasmonic responses
are ﬁrst excited using a femtosecond pump pulse. The
vibrational signature of adsorbed reporter molecules is then
probed via spontaneous SERS using a time-delayed picosecond
probe pulse. Because SERS is primarily plasmon-driven,20 SER
spectra are inherently sensitive only to molecules adsorbed in
plasmonic hot spots,21 thereby limiting ultrafast responses only
to molecules that are located in the most highly enhancing
regions. Thus, ultrafast SERS oﬀers a direct observation of the
coupled molecular-plasmonic system in real time.
The plasmonic substrate used in our measurements was a
solution of AgNPs (Figure 2a inset; measured diameter 120 ±
20 nm) aggregated through electrostatic interactions into
inhomogeneous clusters. These plasmonic substrates are
frequently used for single-molecule SERS measurements due
to the facile creation of hot spots with strong ﬁeld
enhancements.22,23 Aggregation yields hot spots in the
junctions between nanoparticles through LSPR coupling, in
which ﬁeld enhancement is much greater than would be
encountered on the surface of a single nanoparticle.20,24,25
Additionally, LSPR coupling results in a broad LSPR extinction
band that allows for eﬃcient plasmon excitation and eﬃcient

molecular adsorbate. A real time investigation of plasmondriven chemistry through hot electron transfer from a
molecular perspective may be obtained from a measurement
that exhibits both ultrafast time resolution as well as molecular
speciﬁcity. In this work, we introduce a pump/probe technique
based on ultrafast surface-enhanced Raman scattering
(SERS)14,15 as a molecule-speciﬁc probe of the ultrafast
responses of molecules adsorbed to plasmonic nanostructures
during the picosecond time scale over which hot electron
transfer occurs. We used ultrafast SERS to examine the
plasmon-driven photophysical dynamics of a model system
consisting of 4-nitrobenzenethiol (4-NBT) adsorbed to
aggregated colloidal silver nanoparticles (AgNPs). Because 4NBT readily undergoes plasmon-driven dimerization to p,p′dimercaptoazobenzene (DMAB),16−19 the photophysical responses that we obtained also yielded direct evidence of the
role of hot electrons in the plasmon-driven dimerization
reaction.
Our ultrafast SERS method for extracting plasmon-driven
molecular responses is summarized relative to the time scales of
electron and phonon interactions following LSPR excitation in
Figure 1. The instrument is described in detail in the
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SERS probing using widely separated pump and probe
wavelengths (Figure 2a).
In this work, we utilized a high-repetition-rate laser (ClarkMXR Impulse) producing <250 fs, 1035 nm pulses, with nJ
energies at a 24.5 MHz repetition rate, which allowed for high
signal-to-noise ratio SER spectra while incurring minimal
sample damage. We photoexcited the sample using a 518 nm
femtosecond pulse and probed with a 2.7 ps narrow-band pulse
at 1035 nm. We performed ultrafast SERS measurements in a
transmissive geometry and detected the Stokes-shifted
scattering on an InGaAs array (Princeton Instruments
PyLoN-IR 1.7).
A representative SER spectrum of 4-NBT adsorbed to the
aggregated AgNP substrate is displayed in Figure 2b, which
shows prominent vibrations arising from 4-NBT as well as
DMAB. For the purposes of this work, we limit our major
analyses to the four largest peaks, located at 1077 and 1340
cm−1, which correspond to 4-NBT, and at 1139 and 1435 cm−1,
which correspond to DMAB.26,27 The signiﬁcant population of
DMAB is the result of the well-known plasmon-driven chemical
dimerization of 4-NBT to DMAB (Figure 2c), which has been
previously observed and characterized on a variety of plasmonic
substrates.16−18 We attribute the appearance of DMAB in the
unperturbed sample to exposure to ambient light sources prior
to data collection. During the course of our measurements, the
sample was essentially static. This indicated that the vast
majority of hot spots that were capable of dimerizing 4-NBT to
DMAB had already done so prior to our measurements.
Ultrafast SERS measurements were collected at various
pump/probe time delays and processed by subtracting SER
spectra taken with the pump pulse blocked from identical
spectra collected with the pump pulse present. An additional
subtraction step, to remove the static eﬀects of pump pulse
propagation through the highly scattering AgNP suspension, is
described in detail in the Supporting Information. Ultrafast SER
diﬀerence spectra taken at time delays ranging from −20 to 50
ps are shown in Figure 3a. Transient dispersive line shapes are
observable at all prominent 4-NBT and DMAB vibrations,
which persist in intensity for approximately 10 ps after plasmon
excitation. Within the spectral resolution of our instrument, we
do not see frequency shifts indicative of molecular heating,
which have previously been carefully quantitated for 4-NBT on
gold surfaces.28 These dispersive features were ﬁt to a Fano line
shape as other ﬁt functions resulted in poor ﬁtting, particularly
for the positively sloped regions at around 1050 and 1300 cm−1.
Fit functions and additional ﬁt parameters are included in the
Supporting Information. Fitting of the extracted amplitude of
the 1139 cm−1 feature yields a lifetime of 3.9 ± 0.1 ps (Figure
3b; see Figure S2 for amplitude extraction). Fits to the other
prominent features yield similar lifetimes (Figure S3). Notably,
this timescale matches literature values for plasmon-generated
hot electron lifetimes,6,7 and thus, it is clear that the transient
response is the result of a hot electron-driven perturbation. To
identify the mechanism of this perturbation, we turn to analysis
of the line shapes.
The appearance of dispersive line shapes is not entirely
unexpected as previous ultrafast surface-enhanced stimulated
Raman29,30 and steady-state spontaneous Raman31 measurements have reported the appearance of Fano line shapes arising
from interference between narrow Raman-active molecular
transitions and a broad electronic resonance of the SERS
substrate. However, our current results diﬀer from these
previous reports in several important ways. First, the Fano line

Figure 3. (a) Ultrafast SER diﬀerence spectra (obtained as described
in the Supporting Information) taken at pump/probe time delays
ranging from −20 to +50 ps, showing transient Fano features at
prominent 4-NBT and DMAB Raman peaks. (b) Fitted amplitude of
the 1139 cm−1 transient feature shown in (a).

shapes seen in surface-enhanced femtosecond stimulated
Raman spectroscopy (FSRS) measurements result from a
coherent Raman scattering process, whereas our measurements
report transient dispersive spontaneous Raman line shapes.
Additionally, the stimulated Raman measurements showed
Fano line shapes only when both ultrafast pulses used in the
FSRS measurement were present at the sample, while we
observe long-lived dispersive line shapes that persist for several
picoseconds after the pump pulse has left the sample. More
recently, Fano line shapes have been reported in spontaneous
SERS measurements;31 however, in addition to appearing in the
steady state, the reported line shapes were also far more broad
than what we observe.
In these measurements, the appearance of Fano line shapes is
evidence that the ultrafast SERS features are not solely arising
as a result of transient LSPR shifts. In plasmonic nanoparticles,
ultrafast transient absorption measurements have proven that
photoexcitation results in a shift of the plasmon resonance due
3181
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Figure 4. Schematic representation of low reactivity and high reactivity hot spots. (a) Low reactivity hot spot, showing SERS emission, relatively
small population of DMAB relative to 4-NBT due to weak photoreactivity, and weak (or nonexistent) photoluminescence intensity, resulting in
negligible transient Fano signal. (b) High reactivity hot spot, with similar SERS emission intensity but increased DMAB population (due to higher
photoreactivity) and increased photoluminescence intensity relative to (a), which results in detectable transient Fano signal.

luminescence arises directly from plasmon-generated hot
electrons, and thus, photoluminescence lifetimes are an
excellent measurement of hot electron lifetimes.12 Previously
reported plasmon-generated photoluminescence lifetimes reﬂect this, with literature values ranging from 1.6 to 3.2 ps, which
is in excellent agreement with our measured value of 3.9 ± 0.1
ps for the lifetime of the transient Fano feature at 1139
cm−1.12,13 Additionally, the amplitude of the transient Fano
features shows a linear dependence on pump irradiance
(Discussion in the Supporting Information and Figure S4),
which is consistent with photoluminescence.13,34 The nature of
the ultrafast SERS measurement does not enable us to assign
the origin of photoluminescence more speciﬁcally, but due to
the coherent nature of the Fano interference process, it likely
results from an electronic Raman process from the nonequilibrated hot electrons in the nanoparticles.31,35,36 We turn
now to interpretation of the nature of the coupling between the
AgNP photoluminescence and SERS and its broader
implications through analysis of the amplitudes of the transient
Fano features.
Contained within the amplitudes of the transient Fano
features is direct evidence of (i) a near-ﬁeld coupling
mechanism and (ii) the role of plasmon-generated hot
electrons in the dimerization of 4-NBT to DMAB. All
measurements were made on samples in which the reaction
had already gone to completion; therefore, both the groundstate and transient SER spectra contain signatures from reactant
and product species. The concentration of both reactants and
products does not change during the ultrafast measurement. To
extract this amplitude information, we begin with examination
of the ground-state SER spectrum of our sample (Figure 2b). In
this spectrum, the amplitudes of the peaks corresponding to 4NBT are much larger than those corresponding to DMAB.
When comparing the 1077 and 1340 cm−1 4-NBT peaks to the

to the creation of a nonequilibrium electron distribution.
Typically, when the slope of the LSPR is positive, there is a
transient bleach, indicative of a red shift of the LSPR.32 Shifts in
the plasmon resonance would lead to an increase or decrease of
the ultrafast SERS signal magnitude due to diﬀerences in the
eﬃciency of coupling light into the nanostructure. This would
result in either positive or negative Gaussian SERS features in
the transient diﬀerence spectra but would not result in Fano
line shapes.
We assign the Fano line shapes observed in our ultrafast
SERS measurements to interference of each molecular vibration
with plasmon-driven photoluminescence of the AgNPs. Here
we use photoluminescence as a generic term for any optically
initiated light generation from the sample, inclusive of
processes such as electronic Raman scattering. Metal photoluminescence, which is greatly enhanced in plasmonic
nanostructures, arises from radiative recombination of
plasmon-driven electronic excitations, which may be either
inter- or intraband in nature. Because our pump frequency falls
well below the ∼4 eV photon energy necessary for interband
excitation in Ag,33 interband excitation is likely not signiﬁcant
in these samples. In general, intraband metal photoluminescence is characterized by a broad bandwidth consisting of both
upconverted and downconverted emission, thus providing
precisely the necessary frequency range to cause the
interference that we observe.13,34 The spectra in Figure 3a are
oﬀset but not baseline corrected; therefore, any directly
observed transient photoluminescence in our ultrafast SERS
measurements is contained within the baseline. In this case, the
photoluminescence appears to be too weak to conclusively
identify, and we conclude that we are heterodyne-detecting the
photoluminescence through the stronger SERS signal.
The lifetime of the Fano response allows it to be explicitly
assigned to AgNP photoluminescence. Plasmon-driven photo3182
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1139 and 1435 cm−1 DMAB peaks, the amplitudes yield ratios
of approximately 5:1 and 3:1, respectively. If we examine the
ultrafast SER spectra (Figure 3a), however, the amplitudes of
the transient features corresponding to peaks from either
molecular species are instead very similar in amplitude, giving
a ratio of 4-NBT/DMAB of approximately 1:1 when comparing
the same sets of peaks. Surprisingly, the transient SERS features
are much larger for product molecules as compared to those for
reactant molecules.
This change in the ratio of 4-NBT/DMAB peak amplitudes
in the transient versus ground-state spectra immediately implies
that the coupling of plasmonic photoluminescence and Stokesshifted SERS photons occurs in the near-ﬁeld. If the coupling
occurred in the far-ﬁeld, then we would expect that the average
hot spot to which any photoluminescence-emitting hot spot
may couple would reﬂect the full distribution of hot spots in the
sample. In this regime, we would then expect to observe an
identical ratio of 4-NBT and DMAB amplitudes in the transient
Fano features and the ground-state SER spectra. Because our
observations do not support this scenario, our data therefore
prove that the coupling is near-ﬁeld in nature. Near-ﬁeld
localized coupling between Raman scattering and plasmonic
nanostructures has been seen previously in super-resolution
SERS but has not been previously observed for picosecondscale phenomena such as plasmon-induced photoluminescence.37
The transient and ground-state 4-NBT/DMAB peak
amplitude diﬀerence provides direct evidence of the role of
hot electron involvement in the plasmon-driven dimerization of
4-NBT to DMAB. The amplitude ratio change from groundstate to transient SERS measurements proves that the presence
of DMAB is correlated with the generation of suﬃcient
photoluminescence to give detectable transient Fano responses.
Additionally, the near-ﬁeld nature of the coupling indicates that
these two parameters are correlated on the single hot spot level.
For clarity, we label the limiting cases as “low reactivity” and
“high reactivity” hot spots, which are illustrated schematically in
Figure 4. In the case of low reactivity hot spots (Figure 4a), the
ratio of 4-NBT to DMAB is high as very little 4-NBT has
reacted, and the plasmon-driven photoluminescence yield is
low. In contrast, a high reactivity hot spot (Figure 4b) contains
increased DMAB population relative to 4-NBT as well as
increased photoluminescence yield and is more likely to yield a
detectable Fano response. Because the AgNP photoluminescence is the direct result of plasmon-generated hot electrons,
the correlation between photoluminescence and DMAB in the
high reactivity hot spots signiﬁes colocalization of plasmongenerated hot electrons and the presence of DMAB. Therefore,
the 4-NBT/DMAB amplitude ratio diﬀerence in the transient
Fano response indirectly proves that plasmon-generated hot
electrons are responsible for the plasmon-assisted photochemical dimerization of 4-NBT to DMAB.
The correlation between the hot electron population and 4NBT-to-DMAB conversion has signiﬁcant mechanistic implications. An exclusively direct mechanism of plasmon-driven
chemistry would preclude the existence of a signiﬁcant
population of hot electrons on the surface of the AgNP
substrate.2 In our measurements, however, the presence of
photoluminescence is direct evidence that such a population
exists. While this is not deﬁnitive proof of an exclusively
indirect mechanism, it is nevertheless highly suggestive of a
signiﬁcant indirect component in the hot electron transfer
mechanism.

We have demonstrated that ultrafast spontaneous SERS can
be used to selectively probe ultrafast plasmon-driven dynamics
in molecules adsorbed in plasmonic hot spots. Ultrafast SERS
results obtained on aggregated AgNP substrates revealed
transient dispersive line shapes appearing at Raman vibrations
corresponding to both the 4-NBT molecular reporter as well as
the DMAB photoproduct, which were identiﬁed as Fano line
shapes arising from interference between the SERS photons
and transient plasmon-driven AgNP photoluminescence or
electronic Raman scattering. Through analysis of the change in
the 4-NBT/DMAB amplitude ratio between the ground-state
SER spectrum and the transient Fano line shapes, we conclude
that the transient responses interrogate a speciﬁc subset of
AgNP hot spots. Signiﬁcantly, the increased presence of DMAB
in the hot spots that produced the transient response is
evidence that the plasmon-driven photochemical dimerization
of 4-NBT to DMAB is the result of plasmon-generated hot
electrons and suggests the signiﬁcant role of an indirect chargetransfer mechanism. Because we have demonstrated that
ultrafast SERS probing is capable of observing the role of hot
electrons in a plasmon-driven photocatalytic process, we
anticipate that ultrafast SERS probing of plasmon-driven
molecular dynamics will be of great utility in future mechanistic
studies of socially impactful plasmon-driven chemical and
physical transformations.

■

EXPERIMENTAL METHODS
Sample Preparation. SERS samples were prepared using a 230
μL aliquot of an as-synthesized solution of AgNPs, following
the Lee and Meisel synthesis,38 to which we added 70 μL of a
saturated 4-NBT aqueous solution (concentration measured by
UV−visible spectroscopy to be approximately 150−200 μM).
After approximately 10 min, AgNP aggregation was induced by
adding 100 μL of a 0.1 M NaCl aqueous solution. Samples were
stirred throughout the course of the experiment to refresh the
sample in the spot size and to minimize precipitation of the
aggregated particles. More detail is available in the Supporting
Information, Methods.
Ultrafast SERS Measurements. Ultrafast SERS measurements
were performed using a Yb-doped ﬁber-based ampliﬁed laser,
which produced <250 fs pulses centered at 1035 nm at a 24.5
MHz repetition rate, with an average power of 20.5 W. To
generate the picosecond probe pulse, 6 W of the incident beam
entered a spectral ﬁlter constructed in a retroreﬂecting
geometry.39 The power of the probe beam at the sample was
16.8 mW, corresponding to a ﬂux of 1.7 × 1021 photons/cm2 s.
The spectral width of the ﬁltered output was 13.4 cm−1,
measured from the 801 cm−1 peak of cyclohexane. For the
pump beam, 3 W of the fundamental laser output was focused
onto a 3 mm BBO crystal to obtain a 518 nm, <250 fs pulse,
which was delayed in time using a mechanical stage relative to
the probe pulse. The power of the photoexcitation beam at the
sample was 25 mW, corresponding to a ﬂux of 1.3 × 1021
photons/cm2 s. A 100 mm focal length achromatic lens focused
the probe and pump beams onto the sample. Raman signals
were detected using a 0.3 m spectrograph equipped with a 600
gr/mm, 750 nm blaze grating and a 1024 pixel liquid-nitrogencooled InGaAs photodiode array. The ultrafast SERS
instrumentation that we used is described in more detail in
the Supporting Information, Methods and Figure S1.
Data Collection and Analysis. Each ultrafast SER spectrum was
obtained from ﬁve averaged frames that were integrated for 10 s
each. For pump/probe measurements, pump/probe time delays
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were accessed in a randomized order. The spectra were
processed using a double subtraction method described in the
Supporting Information, Methods, and the processed spectra
for each time delay were ﬁt to sums of Fano line shapes using
Igor Pro (a sample of the ﬁts appears in Figure S2).
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